A novel stability analysis approach is proposed for a gird-connected Wind generator system based on the impedance criterion, which can consider the dynamic characteristics of permanent magnet synchronous generator (PMSG). Firstly, the stability analysis criteria for the grid connected power system with electronic converters is deduced based on the impedance stability analysis principle. Secondly, the small signal model of a PMSG with consideration of the dynamic characteristics of PMSG is established by the state-space equation of PMSG, and the output impedance of a grid-connected PMSG system is derived. On this basis, the stability analysis method for the gird-connected PMSG is obtained. Numerical simulation are performed to validate the proposed control method.
Introduction
According to the operation of speed, wind turbines can be classified as constant speed wind turbine and variable-speed wind turbines. The variable-speed wind turbine with the advantages of efficient, reliable and less mechanical stress, becomes a mainstream model of wind power generation at home and abroad [1] . There are two kinds of variable speed wind turbine: double fed induction generator (DFIG) [2] and permanent magnet synchro-nous generator (PMSG). Compared with the DFIG, PMSG has a great advantage at structure and electrical response characteristic, which makes it a development trend of wind turbine generator system. On the structure, the wind turbine of PMSG directly drive the generator rotor rotation, this means no transmission link, which greatly reduces costs, also elimination of noise from the gearbox. On the electrical response characteristics, PMSG adopts full power converter connected to power grid, not only achieved power decoupling control, but also reduce the coupling with the grid, improve the ability to resist electrical disturbances.
PMSG set after back-to-back power electronic converters connected to the grid, and will cause a series of problems like the power system voltage and power fluctuations, large transient overshoot and impact of large declined, even lead to system instability [3] . Therefore, it is necessary for PMSG to study on stability analysis of grid-connected system. Existing literature on stability analyses for PMSG connected to the grid were mostly confined to the unit connected to the external characteristics, ignored the dynamic properties of PMSG itself. [4] analyzed the impact of wind power grid on voltage stability, pointed out the instability of wind speed fluctuation of the wind farm power output is the main factor that influenced the stability of the system. [5] proposed an improved power control method of PMSG to suppress system low-frequency oscillation. [6] PMSG's small-signal model is established for grid-connected systems, and derived its eigenvalues matrix to analysis eigenvalue sensitivity and dynamics performance. Compared with the traditional power, after PMSG connected to grid, the system will produce "source effect" and "load effect" [7] , that is, after the cascade of non-ideal source (load) and the converter, the stability of the system will change. When PMSG connected to grid through the cascade of converter and other components (power supply and load), the system may not meet stability condition.
Based on PMSG-grid system, this paper puts forward a dynamic stability analysis method of PMSG-grid system. First, based on impedance ratio principle, stability criteria of system to power grid containing converter is derived. Then, based on dynamic model of PMSG, establishes the small-signal model of PMSG in State-space equation, and then deduces the output impedance of the PMSG to analyze the effects of impedance parameters and obtain PMSG grid stability analysis methods and the implementation process based on impedance ratio criterion. Finally, using the simulation of WSCC-9 bus system containing PMSG, verified the validity and accuracy of the method.
Theory of Stability Analysis Based on Impedance Ratio Criterion
With a large number of distributed power connected to the electricity grid through the power electronic converter, the interaction of these distributed power will easily reduce dynamic performance and even cause system instability [8] . As shown in figure 1 , the topology structure of system including distributed power is mainly composed of sources, converters and loads. The connections of converters include converters-cascade and converters-parallel, and so on.
For a two-stage cascade system, impedance ratio criterion under Middle brook, the system can remain stable in all frequency bands meets the conditions (1):
Where A is the output impedance of the power supply subsystem; B is the input impedance of the load side subsystem.
Take the following case of two-stage cascade system for example, Nyquist curve based on impedance ratio is derived to analysis system stability. As shown in Figure 2 , two-stage cascade system transfer function is expressed as: Assumes that the system is stable, according to the Nyquist stability criterion, the system remains stable if and only if the Nyquist curve does not enter the forbidden zone as shown in figure 3 (a) (the ray
In general, the system stable operation need to maintain the stability of a certain margin. In General, the system needs to maintain a certain stability margin. According to the Nyquist stability criterion, the stability margin is defined as the minimum distance between Nyquist curve of PMSG is of typical converter system, the PMSG and sources are as source subsystem, the other side is equivalent to load subsystem. So, it can judge the stability of PMSG connected to grid, based on the proposed Nyquist curve of output and input impedance ratio.
The Output Impedance of PMSG and Method of Stability Analysis of Grid-connected A Mathematical Model of PMSG
PMSG structure as shown in figure 4 , mainly including wind machine, permanent magnet synchronous generator and machine side converter and grid side converter, etc. Control systems include maximum power point tracking control, machine side converter control and grid side converter control. When the wind speed less than the rated speed, by adjusting the tip speed ratio achieve maximum power tracking; When the speed exceeds the rated speed, by adjusting the blade pitch angle to reduce the wind power coefficient. Machine side converter control for permanent magnet synchronous motor to adjust the closed-loop control of speed and current. Grid side converter to realize closed-loop control of DC Voltage and the net side current. a) wind turbine model
The mechanical power of the wind turbine is related to the wind speed, the rotational speed and structure parameters. The model is given by:
where:
where W P is wind power (unit: W); W T is the input torque of wind turbine; W  is the rotational speed of the wind turbine rotor;  is the air density (unit: kg/m3); R is the wind turbine blade radius (unit: m);  is the tip speed ratio;  is the pitch angle; w v is the wind speed (unit: m/s). Cp is the power coefficient. PMSG converter adopts vector control technology to achieve decoupling control of active reactive power. Machine side converter and grid side converter control structure found in literature [18] [19] .
The mathematical model of machine side converter can be used for stator voltage equations of permanent magnet synchronous generator, given by Eqs. (6) .
Grid side converter in the mathematical model in d-q reference frame is given by C is the DC side capacitor.
When using unit power factor control, the power losses of the generator are minimized by controlling qg V to zero. The power into the grid side converter is given by g g g g g g g g g g g g g g
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Where g P and g Q are active and inactive power of grid side respectively. 
B Output Impedance of PMSG
In general, the following simplified modes are used in PMSG grid-connected stability analysis:
The 
Based on vector matrix, the following equation can be obtained:
The output impedance expression of PMSG is obtained from Eqs. (18), and given by
f ed e0 1  s0  2  11  2  2  f  f  ed e0  ed  e0   1  1  1  s0  1  s0  1 1  11  2 2 f ed e0 f e0 According to Eqs. (11), the output impedance of PMSG is depending on the structure parameters, operation parameters, and the external input parameters (including in 11 a ), etc. When the structural parameters of PMSG is invariability, concrete form of the output impedance according to the system real-time running state can be obtained.
Simulation Examples
This section uses a WSCC-9 bus system to simulate and verify the validity of the proposed method. Structure of WSCC-9 bus system is shown in figure 5 , and assuming that the wind farms of PMSG connected to bus Gen3. The rated capacity of wind farm is 60 MW, in which the rated capacity of a single wind turbine is 1.5 MW. And the wind turbine parameters are shown in appendix table 2.
In WSCC 9 bus system, using an equivalent wind turbine represent the wind farm to verify PMSG-grid stability analysis method based on output and input impedance ratio is more accurate than traditional PV curve method. The simulation diagram is shown in fig. 7 . And the simulation system benchmark capacity 100MVA. (-1, 0) , which leads the system lose stability. The PV curve of bus STN2 is given by Figure 9 , which shows that the stability limit of power is about 2.45p.u. For further comparison of stability analysis method, voltage transient stability curve of bus STN2 under the above simulation setting is shown in figure 10 . When t = 1 s, the load power of the bus STN2 (the initial value is 1.25 + j0.5p.u.) begins to increase, the increase speed is 0.023 + j0.0092p.u./s; When t = 50 s, the power stops increasing and remains unchanged (the final load power is 2.4 + j0.96 p.u.), and the simulation time is 60 s. The fig.10 shows that voltage on bus STN2 continues to fall. When t = 45 s, voltage is less than 0.8p.u., eventually losing stability. Therefore, the proposed method based on the output and input impedance ratio of PMSG-grid stability analysis can be more accurate to judge system unstable operation states than traditional PV curve method. 
Conclusion
In this article, by considering the impact of the converters in distributed power system, stability analysis criterion of Nyquist curve based on the output and input impedance ratio has been proposed. In PMSG-grid system, the output impedance of the PMSG has reduced, and the stability analysis method is proposed based on the output and input impedance ratio of PMSG-grid system. It is shown through the simulation analysis of WSCC-9 bus system that:
1) The proposed stability analysis method can effectively judge the stability of PMSG-grid system;
2) Compared with the traditional PV curve method, the proposed method can more accurately determine stability limit of the system; 3) After PMSG wind farm connected to the grid, with the increase of the load power, the stability of the system is decreased by degrees;
4) The stability result is more accurate compared with one equivalent model for a wind farm when using three equivalent model.
The next step will be on the researches of pitch angle control of PMSG.
